Background: Hypoxic ischemic brain injury secondary to pediatric cardiac arrest (CA) may result in acute symptomatic seizures. A high proportion of seizures may be nonconvulsive, so accurate diagnosis requires continuous EEG monitoring. We aimed to determine the safety and feasibility of long-term EEG monitoring, to describe electroencephalographic background and seizure characteristics, and to identify background features predictive of seizures in children undergoing therapeutic hypothermia (TH) after CA.
Recent retrospective studies have demonstrated the high incidence of nonconvulsive seizures (NCS) and nonconvulsive status epilepticus (NCSE) in a variety of critically ill children with acute encephalopathies, including hypoxic ischemic. [6] [7] [8] [9] [10] [11] Further, patients treated with TH may require pharmacologic paralysis to manage shivering, clinically masking all electrographic seizures. Consequently, EEG monitoring is required for seizure detection. Accurate identification of NCS is important because they are associated with worse outcome, 12 may contribute to the burden of brain injury, and may be treated with antiseizure medications.
Formulating an early prognosis in children after CA is important in counseling families and in making thoughtful treatment decisions. In acutely ill normothermic children, the EEG is a good indicator of cerebral cortical function and thalamocortical connectivity. Several EEG features are useful in prognostication. 13, 14 However, it is unclear whether moderate TH (target core body temperature of 34°C) alters the timing or prognostic significance of these EEG background features. Thus, both the EEG features used for prognosis and their timing may differ in children undergoing TH compared with normothermic children.
The present study was conducted to assess whether EEG monitoring was safe and feasible after CA in children undergoing TH. The second aim was to prospectively determine the incidence of their clinical and electrographic seizures. The third aim was to characterize the sequential evolution of the EEG background during hypothermia, during rewarming, and beyond. Collectively, these data could suggest the possible roles of long-term EEG monitoring.
METHODS Infants and children treated in the pediatric intensive care unit (PICU) at a tertiary care referral hospital with TH after successful resuscitation from CA were eligible for this study. TH was initiated as clinical treatment at the discretion of the attending PICU physicians. Children treated with TH all experienced in-hospital or out-of-hospital CA, defined as cardiopulmonary resuscitation (CPR) for greater than 60 seconds with return of spontaneous circulation; were encephalopathic (obtunded or comatose) at presentation; and received care in the PICU within several hours of the hypoxic-ischemic event. Patients with traumatic brain injury were excluded. Our PICU's standard hypothermia protocol was used, in which children were surface cooled by a cooling blanket to 34°C for 24 hours and then slowly rewarmed over 12 to 24 hours. This study was approved by the hospital's institutional review board.
Data describing the use of paralytic, sedative, and antiseizure medications were tracked. Medication administration was classified as continuous infusions or intermittent boluses.
Long-term monitoring using a Grass-Telefactor (West Warwick, RI) video-EEG system was initiated as soon as the patient was stabilized in the PICU. On-call registered EEG technologists initiated monitoring within a few hours of the onset of cooling. EEG monitoring was continued with the goal of obtaining at least 72 hours of recording (24 hours of hypothermia, 12-24 hours of rewarming, and 24 hours of normothermia). Twenty-one gold-oversilver scalp surface electrodes were positioned according to the international 10-20 system and affixed with collodion adhesive. EEG data were acquired on a portable bedside monitor networked to the main EEG server, allowing review from multiple sites in the hospital and remotely. Full video-EEG files were stored for later re-review and analysis. Potential complications of EEG monitoring, including disruption to bedside intensive care, skin breakdown, and infections, were assessed daily.
After clinical interpretation during the acute hospitalization, EEG recordings were reinterpreted in a standardized manner by two pediatric neurophysiologists blind to outcome and clinical information, except for patient age. Special attention was directed to the character of the EEG background, the presence of interictal epileptiform discharges (spike/sharp-and-slow waves), and electrographic seizure characteristics. Clinical seizures were recorded by bedside caretakers and by the investigators' review of the coincident video recordings. Clinical seizures were defined as abnormal movements associated with EEG change. Electrographic seizures were defined as abnormal, ictal EEG events lasting longer than 10 seconds with evolution of morphology, frequency, and amplitude, and a plausible electrographic field. EEG seizures were categorized by location of onset, duration, and coincident clinical manifestations. Seizures were considered nonconvulsive if there was no clinical change on simultaneous video. NCSE was defined as a state of impaired consciousness with a single 30-minute electroencephalographic seizure or recurrent independent electroencephalographic seizures totaling more than 30 minutes in a 1-hour period. Timing of seizures was categorized in 12-hour epochs defined as early hypothermia (0 -12 hours), late hypothermia (Ͼ12-24 hours), early rewarming (Ͼ24 -36 hours), late rewarming (Ͼ36 -48 hours), or after rewarming (Ͼ48 -72 hours). The EEG background was also classified for each epoch as 1) normal for age, 2) mild/moderately abnormal (attenuation, slowing), or 3) severely abnormal (burst suppression, excessive discontinuity).
Descriptive statistics are reported. The Fisher exact test was used to determine the association between interictal EEG descriptors and the presence or absence of electrographic seizures. in 2, and anaphylaxis in 1. All patients underwent acute TH, with a mean duration between return of spontaneous circulation and hypothermia initiation of 5.5 Ϯ 2.2 hours (range 3-11 hours).
RESULTS
Medication administration. All patients received benzodiazepines (continuous in 12, boluses in 7). Fifteen underwent therapeutic paralysis with vecuronium (continuous in 4, boluses in 8). Eighteen received fentanyl for sedation.
Video-EEG monitoring. EEG monitoring began within 5 hours of initiating hypothermia in all children and was continued without difficulty through the entire hypothermia protocol in 16 patients. EEG monitoring lasted a mean of 68 Ϯ 20 hours (range 37-134 hours). A total of 1,291 hours of EEG monitoring were reviewed. Monitoring was discontinued early in 1 patient who seemed to quickly recover and required neuroimaging, and in 2 others after a decision to withdraw technological support. EEG monitoring did not interfere with care provided by bedside personnel. No patients had evidence of skin breakdown, infection, or any other complication related to electrode placement.
Clinical and EEG seizures. Electrographic seizures arose in 47% (9/19) of patients. Seizures began during the first half of hypothermia in 1, the second half of hypothermia in 4, and during rewarming in 4 patients. No patient had seizure onset in the first 6 hours of monitoring ( figure) . Electrographic status epilepticus occurred in 32% (6/19) . Six patients (32%) had only NCS, and 2 of these had not received neuromuscular blockage. One had myoclonic seizures, and 2 had myoclonic status epilepticus. Electrographically, seizures appeared generalized (either at onset or secondarily after focal onset) in 7 patients. Seizures were focal or multifocal without generalization in 2 patients. EEG background abnormalities. The background EEG patterns during TH consisted of burst suppression in 6 patients or excessive discontinuity in 2, and mild/ moderately abnormal slowing/attenuation in 11. Seizures occurred in all 8 patients with a severely abnormal background and in 1 patient with a mildly/moderately abnormal background (figure). The positive predictive value (PPV) and negative predictive value (NPV) of a severely abnormal background (burst suppression or excessive discontinuity) are summarized in table 2. The background pattern evolved during the course of treatment in most patients. None of the 11 patients with an initial slow/attenuated background deteriorated to a discontinuous pattern. Five of 11 remained stable and 6 of 11 improved with subsequent higher voltage and faster frequencies. Of patients with initial burst suppres- Benzodiazepine-induced beta activity. In most healthy children, it is expected that the administration of benzodiazepines induces fast (beta frequency) EEG activity. All patients received per protocol benzodiazepines during the initial induction of hypothermia. The expected EEG-induced beta activity in the initial 12 hours was seen in 10 patients but was absent in 9. Seizures occurred in 78% (7/9) of those without drug-induced beta activity but only in 20% (2/10) of those with beta activity. The PPV and NPV of drug induced beta activity for seizure occurrence are summarized in table 2.
Short-term outcome. Five patients died, including 3 with severely abnormal backgrounds and electrographic seizures and 2 with mild/moderately abnormal backgrounds and without seizures. Of the 14 survivors, 4 had severe neurologic morbidity and 10 had mild/moderate/no neurologic disability. The 4 with worse outcome had severe background abnormalities initially. Of the 10 with better outcomes, 1 had an initially severely abnormal background that improved during TH and 9 had mild/moderate background abnormalities initially.
DISCUSSION
This study demonstrates that longterm video-EEG monitoring is feasible and safe in children undergoing TH after CA. It can be initiated quickly, and there were no complications such as skin breakdown or infection related to electrode application or interference with bedside care providers. Electrographic seizures and status epilepticus are common in children undergoing TH after CA. Most electrographic seizures were not clinically apparent and would have been missed without EEG monitoring. The 47% incidence of seizures is higher than that found in prior reports of EEG monitoring in other critically ill patients. Retrospective studies have demonstrated NCS or NCSE in 14% to 39% of children who underwent long-term EEG monitoring in PICU or emergency departments for a variety of etiologies of acute encephalopathies. 6, 7, 9, 10 Retrospective studies may not identify all patients who had seizures, because not all patients underwent EEG monitoring. The current study may have identified a higher incidence of seizures because EEG was performed prospectively on all children undergoing TH. Additionally, these children all experienced hypoxic ischemic brain injury, a known high-risk trigger for NCSE in children, 8, 10 whereas prior studies combined children with multiple etiologies for brain injury. Most (four of six) patients with exclusively NCS had received some doses of paralytics, but two of the six had not received any suggesting a bona fide physiologic uncoupling between electrographic seizures and clinical seizure manifestations. Further studies with closer attention to the timing and extent of deliberate neuromuscular blockage might reveal its true role in reducing some electrographic seizures to be "subclinical." No children received cisatracurium, and thus none were exposed to laudanosine, a potential proconvulsant. 15 None of the patients had seizure onset in the first 6 hours of TH, and only one had seizure onset in the initial 12 hours. If this finding is replicated in future larger studies, it suggests that in clinical practice initiation of EEG may not be needed immediately after CA and could be delayed several hours. This would make EEG monitoring implementation more feasible. However, time of seizure onset may also relate to the duration of time elapsed between spontaneous return of circulation and TH initiation, which was a mean of 5.5 hours in this study. Seizure onset timing may change as protocols improve and TH is initiated more rapidly. The fact that most seizures were electrographically generalized suggests that limited electrode montages (e.g., only two recording electrodes available on cerebral function monitors) may have a role in screening for NCS in children undergoing TH. These limited montages could be placed by bedside caregivers rather than EEG technologists.
Often, NCS and NCSE cannot be detected by a routine 30-minute EEG recording, and more prolonged monitoring is required. 7, 8, 10 Some prior studies have reported that 95% of NCSE 8 and 80% of NCS 7 are detected within 24 hours of monitoring. This study suggests that in children undergoing TH, EEG monitoring may be indicated for a longer duration, because seizures often began after the initial 24hour hypothermia period. Patients with severely abnormal background patterns all had seizures, suggesting that more prolonged monitoring may be needed if these patterns are identified initially. The presence of interictal potentially epileptiform discharges and the absence of expected pharmacologically induced beta activity also predicted seizures. Beta activity is expected when benzodiazepines are administered, so lack of expected beta activity could suggest a greater degree of dysfunction and higher risk of seizures.
Prior reports have also described the occurrence of electrographic and clinical seizures after discontinuation of hypothermia in adults 16, 17 and neonates. 18 This could be due to a TH-induced deferment in some components of brain injury, leading to later seizure occurrence. Alternatively, hypothermia itself could act as a seizure-suppressing therapy such that seizures are postponed until rewarming. An animal model of status epilepticus demonstrated that hypothermia reduced seizure frequency and intensity and that hypothermia with diazepam reduced the amplitude and frequency of epileptiform discharges. 19 In four adults, hypothermia to 31°to 35°C for 20 to 61 hours using an endovascular cooling system was reported to terminate status epilepticus refractory to multiple agents, allowing withdrawal of benzodiazepine infusions. Two of the four adults remained seizure free after controlled rewarming over 1.5 to 50 hours. 20 A recent study in adults with refractory epilepsy demonstrated a reduction in seizures with head and neck cooling. 21 One study demonstrated control of refractory status epilepticus in three children with a combination of hypothermia to 30°to 31°C combined with thiopental. 22 Detecting NCS and NCSE is important so that appropriate treatment can be initiated. Clinical studies are consistent with the hypothesis that continuous electrographic discharges, even without clinical seizures, can be harmful. Studies in adults have demonstrated that NCSE duration and time to detection predict outcome in patients with NCSE. 12 NCS have been associated with mortality of 32% to 57%, and NCSE has been associated with mortality of 51% to 57%. 12, 23, 24 In adults with traumatic brain injury, intracranial pressure and lactate-to-pyruvate ratios were higher during NCS than between NCS. 25 Serum neuron-specific enolase, a marker of neuron injury, has been demonstrated to be elevated in adults with NCSE 26 and children with continuous epileptiform discharges. 27 Studies in neonates have demonstrated an association between neonatal seizures and poor outcome, especially with more prolonged [28] [29] [30] and harder-to-control seizures, 31 although the confounding interplay between etiology, seizures, and outcome remains unclear 32 and studies have not proven that treatment improves outcome.
Differentiating between electrographic seizures and brief or periodic runs of rhythmic sharp waves may sometimes prove difficult. This study defined electrographic seizures as lasting longer than 10 seconds, consistent with other of pediatric 7,11 and neonatal 33 studies. Still, it is recognized that this definition, although commonly cited, is arbitrary. Terminology is being developed to better describe rhythmic discharges. 34 Early prognostic information is important in making treatment decisions, so identifying prognostic EEG patterns early in TH is clinically important. This study demonstrates that the background EEG features do evolve during the course of TH, either improving or worsening, but rarely change from markedly abnormal to normal/mildly abnormal. The stability of the background suggests that prognostication may be possible based on EEG findings early in the course of TH, or possibly even before TH is started to identify patients most likely to benefit. The stability of the background as the patients are rewarmed to normothermia suggests that TH alone is not responsible for the background abnormalities. In future studies of EEG monitoring during TH, it might be possible to initiate a limited array EEG montage in some patients before and during initial cooling, which would help to differentiate between the electrographic features attributable to TH and anoxic brain injury. This study did not use a standardized sedative protocol, and therefore the effect of different sedatives, doses, and combinations on the background could not be determined.
Patients with more severely abnormal EEG backgrounds tended to have a worse short-term outcome than patients with only mild/moderate background abnormalities. However, outcome determination was made by clinical neurologic examination and not more detailed neuropsychological evaluation. Extended follow-up was not performed. Future studies of prognosis will need more detailed outcome evaluation over a longer period. In patients not treated with TH, some background features are known to have prognostic significance in adults 14 and children. 13, 35, 36 In adults, postanoxic status epilepticus is associated with worse outcome, with or without TH. 37 Further, at extremely low temperatures, as used in deep hypothermic circulatory arrest for vascular surgery, the EEG develops a discontinuous and then isoelectric pattern, but these severe EEG abnormalities are not seen with the moderate hypothermia temperatures used in TH. 38 This suggests that EEG features may be useful in prognostication, but revalidation of specific features is required in children being treated with TH. Prospective studies with multivariate analysis of EEG and other factors predictive of outcome will be needed to fully assess the role of EEG in prognosis.
Development and implementation of continuous long-term video-EEG monitoring may allow improvement in neurocritical care. EEG monitoring is noninvasive, provides data on the entire cortex, and can be performed in real time at the bedside. 39 Severely abnormal early EEG findings might suggest futility of treatment or indicate the need for deeper or more prolonged hypothermia. In adults treated with deep hypothermic circulatory CA, outcome is better when the EEG becomes continuous at lower temperatures 40 (i.e., after less rewarming has occurred). If a similar finding is identified in children being treated with TH after CA, an EEG that remains discontinuous during warming might suggest more severe brain injury and the need for longer TH or slower warming. With further development, EEG monitoring might guide TH management in individual patients.
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